The lifetime of a nickel-metal hydride battery power system (BPS) used in railway systems is investigated. Frequent acceleration and deceleration are performed in normal railway operation, so the narrow range of SOC of the corresponding BPS is discussed. Since the lifetime of the battery used in that BPS should be estimated in accordance with the operation pattern, the operation pattern was analyzed by Fourier transform, and battery lifetime is evaluated in the frequent discharge/charge with a current change every 6 seconds within a 3% depth of discharge (DOD) as the main pattern and the float charging at a constant voltage. Major factors of the battery lifetime are operation voltage and the internal cell temperature caused by an internal resistance. The lifetime of the battery do not depend on the operation pattern such as frequent discharge/charge and float charging. Furthermore, it was almost the same as the lifetime at rest potential in the open circuit state. Applying electrochemical reaction kinetics equations to this system, calculation results indicate a good correlation with the experimental data.
Introduction
Recent rapid progress in consumer electronic equipment has seen considerable technological progress in the field of rechargeable batteries. In such a utilizations, battery power systems (BPSs) are widely used in railway systems. Electric trains generate electricity through regenerative braking when decelerating and this electricity can be supplied to another accelerating train on the line. However, trains cannot take advantage of regenerative braking energy when there is no other train needing electricity, or when the overhead wire voltage is too high. The surplus energy surges down the overhead wire and is dissipated as heat. This termination of regenerative braking is known as "regenerative failure." In this case, the trains will rely on mechanical braking to stop, which increases brake wear and maintenance costs. The battery power system (BPS) is electrical energy storage equipment that is installed near a substation. The BPS is usually connected to the overhead wire and charged at the overhead wire voltage (Fig. S1) ; this charging method is called "float charging". On the other hand, the BPS accumulates any excess electricity when the power supply line voltage rises and thus stabilizes the line voltage. With the use of the BPS, the surplus energy can be stored and discharged when needed, thus ensuring efficient use of the regenerative braking energy at all times. Heavy train traffic, such as that during rush hours, can cause a drop of the voltage supplied to the trains. At such times, the BPS discharges to provide supplemental power to the trains that enables the train operator to avoid costly peak energy surcharges. The installation of BPS has the advantages detailed above; however, an evaluation of the system durability is necessary to ensure stable use and to promote the system more widely.
The durability of BPSs is typically tested under conditions including high temperature cycle testing, high rate cycle testing, and room temperature/high temperature storage testing. However, a method has yet to be established for the case of a battery being held at a constant voltage under repeated narrow and frequent charge/ discharge cycling. In many cases, the full cycle testing results (i.e., total charge/discharge) are simply applied.
Among rechargeable batteries, nickel metal hydride (Ni-MH) batteries are widely used owing to their high energy densities and safety in many applications. [1] [2] [3] Ni-MH secondary batteries are widely applied in such applications of BPSs which are required for large scale, frequent and high charging/discharging rate, nonflammable, high safety and stability. The Ni-MH batteries are mainly composed of metal hydride and nickel hydroxide, where the metal hydride is used as the negative electrode material. Many studies have been performed to optimize battery composition and find additives to improve battery performance over a wide temperature range and provide longtime durability. [4] [5] [6] [7] [8] [9] Nickel hydroxide is used as the positive electrode material but features poor electrical conductivity after its reaction to form NiOOH in the charging process. Hence, conductive materials, [10] [11] [12] [13] [14] or Co compounds [15] [16] [17] [18] [19] [20] [21] are usually added to the positive electrodes and methods for introducing these additives and their influence on battery performance have been extensively studied. [22] [23] [24] [25] [26] [27] [28] [29] There have been many reports on the degradation mechanism of nickel metal hydride batteries. 30 The degradation can be divided into breakdown processes of the negative and the positive electrodes. Typical causes of degradation of negative electrodes include metal hydride alloy pulverization owing to lattice expansion during the hydrogenation by charge/discharge cycles, 31, 32 which results in poor electrical conductivity 33 and alloy surface oxidation, which prevents electron and proton conduction. [34] [35] [36] [37] In case of the positive electrodes, causes of degradation include swelling from C-NiOOH formation during the charge/discharge cycles, 38 breaking of the cobalt(Co)-conductive network, formation of less electrochemically rechargeable C-NiOOH, 39, 40 Co dissolution and migration from the conductive network in the positive electrode, contamination from leach-out products (Al and Mn) in the negative electrode, deterioration of the Co-conductive coating, 41 and pulverization of the positive electrode spherical particles causing detachment of the active material. 42, 43 The increased surface area of the positive electrode caused by pulverization also prevents contact of the electrolyte with the separator, which increases the cell resistance.
In this study, the influence on the battery lifetime of the charge/ discharge cycling and the float charging at a constant voltage were investigated. This method was applied to evaluate the durability of the battery system operating at various temperatures and voltages, and the electrochemical kinetics of this system was also discussed.
Experimental

Test sample preparation
Ni-MH batteries were assembled using the following procedure. Ni(OH) 2 powder (CZD, Tanaka Chemical Corporation, Japan) was used as the active material for the positive electrode. Carbon powder (3050B, Mitsubishi Chemical Corporation, Japan) was heat-treated at 2300°C to form a conductive material. Then, 1000 g of the Ni(OH) 2 powder, 50 g of the carbon powder, 50 g of ethylene-vinyl acetate copolymer as a binder (Ultrathene 540, Tosho Corporation, Japan), and xylene were mixed to form a paste. The paste was cast on the Ni foam and pressed to an electrode thickness of 0.35 mm. The electrode sheet was cut to dimensions of 65 © 29 mm 2 . A metal hydride (AB 5 -type; CDK-36, Chuo Denki Kogyo Co., Ltd., Japan; the composition is shown in Table S1 ), was used as the active material for the negative electrode. The electrolyte was an aqueous solution of 4.8 mol L ¹1 KOH and 1.2 mol L ¹1 NaOH, and a sheet of polyolefin nonwoven fabric (FT6884S, Japan Vilene Company Ltd., Japan) was used as the separator. The construction of the test battery is illustrated in Fig. S2 . Nine sheets of the positive electrode were placed on one side of the pleat-machined separator and ten sheets of the negative electrode were placed on the other side of the separator. Next, the electrode block was set up in a polypropylene cell case, and nickel-plated steel plates (plate thickness of 3 mm, plating thickness of 120 µm) were placed at either side of the electrode block. The cell case was then filled with the electrolyte and sealed. The cell capacities were 3.6 Ah. The charge/discharge rate 0.1 C corresponds to 0.36 A, and the capacity ratio of the negative to positive electrode was set to be a constant at 3.5 to estimate the durability of the positive electrodes.
Test procedure
The test battery was installed in the thermostatic oven of which inner size was 300 W © 300 D © 330 H mm. The battery lifetime depends on the temperature during the battery operation. A thermocouple was set at 10 mm apart from the test battery as the operating temperature (T out ). For the battery inner temperature (T in ), a thermocouple was set contacted the outer negative electrode.
After fabrication of the cells, the initial activation of three charge/discharge cycles (charging at 0.1 C for 12 h, discharging at 0.1 C to 1.0 V) was performed with a charge/discharge unit (HJ0220SM8, Hokuto Denko Corp., Japan). In order to estimate the durability of the operating frequency discharge/charge between the narrow states of charge (SOC) at an almost constant voltage, the standard operating conditions were determined.
There were following characteristics for operating the BPS. Since during the rush hours, trains frequently arrived at and departed from the station, the BPS was frequently charged and discharged at the braking and acceleration of trains. On the other hand, since the number of the train was little in the early morning and late evening, the BPS continued being charged with the constant voltage of the overhead wire.
On the basis of these conditions, the frequent discharge/charge step and the float charging step were defined. In addition, the rest step that the battery was at the open circuit state was also defined to compare the degradation rate with the cases repeating charge/ discharge cycles.
• Frequent discharge/charge step Under standard operating conditions a BPS is much frequently charged and discharged approximate 4000 times per a day according to practical railway operation survey.
3 Figure S3 shows the frequency analysis results of the current data of the BPS in Ref. 3 .
Two peaks at around 1 and 2 min were observed. The charge/ discharge time was determined to be one minute as the simulated condition as follows. The charge/discharge currents were changed every 6 s based on the simulating the stepwise acceleration/breaking operation of the practical train driving which causes the frequent discharging and charging. The maximum charge/discharge rate was set to be 2.0 C for both operations. The depth of discharge (DOD) indicates the ratio of the electric discharge quantity and the battery capacity, DOD was 1% in this case.
A part of examination was carried out in 3% of DOD with 6 C during the discharge/charge step in the same frequency in order to discuss the effect of large current.
• Float charging step
The float charging step involves holding the battery at a constant voltage as shown in Fig. S4 between frequent discharge/charge steps. The constant voltage is calculated as below. The constant voltage was set to be SOC 80% considering the conditions of practical operation with a holding time of 10 min, because after 10 min, the charge current approaches zero. After discharging at a rate of 0.1 C to 1.0 V (SOC 0%), the battery was charged to SOC 80% at several rates (0.05, 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, 2.0 C), the current data and voltage data were plotted. The voltage at which the charge electric current was assumed to be zero on the graph was determined to be the constant voltage.
• Rest step
In order to distinguish natural degradation and degradation based on electrochemical operation of the active materials, the rest step involves maintaining the battery under open circuit conditions. During the rest step, an electrical current does not flow through the battery and the voltage gradually decays from the charging voltage to the rest potential (equilibrium potential).
Degradation tests
In the standard operating conditions, the frequent discharge/ charge step was repeated for 100 cycles, and the float charging step was for 10 min. The detail of the test pattern is shown in Fig. S4 . These two steps were repeated until the test battery failed. Moreover, harsher conditions including 3% depth of discharge DOD with 6 C rate were investigated.
To estimate the influence of the charge/discharge cycling on the battery lifetime, the rest step for 100 min under open circuit conditions was added instead of the frequent discharge/charge step for 100 cycles. In other words, the rest operating condition was composed from 100 min rest step and 10 min float charging step. In the case of the rest operating condition, the internal resistance was measured after carrying out 1 cycle of frequent discharge/charge step before the rest step.
The influence of the float charging step and the rest step on battery lifetime was discussed under typical repetitive patterns are shown in Table 1 . Under this operation, practical voltage and current fluctuations are obtained as Fig. S5 . After the initial activation of the battery, the battery was charged at a rate of 0.2 C for 4 h to SOC 80%, then the rest step was started for a set number of minutes, before proceeding to the float charging step, and then returning to Electrochemistry, 86(6), 349-354 (2018) the rest step. In these tests the lifetime of the battery was determined by rapid increase of the internal pressure because a large current did not flow and the state of the battery was relatively stable.
Applying the test data to electrochemical reaction kinetics equations, the battery voltage was applied the mean voltage during the test and each constants were determined using the regression curve. Figure 1 shows the relationship between the cycle number and the internal resistances (a) and the internal pressure (b) of the test batteries under the standard operating conditions. The operating temperatures (T out in Fig. S2) were from 25°C to 53°C. The internal resistance and internal pressure increased with an increase of the operating temperature. This relationship was attributed to the discharge reservoir of the negative electrodes in the battery becoming exhausted as the internal pressure increased, which was attributed to hydrogen gas generation at the negative electrodes, based on the results of gas analysis. 19 In addition, the internal pressure was gradually decreased with several ripping, then drastically began to increase and get closer to a value to become the operation stop. For the estimation of the lifetime, internal resistance and internal pressure can be used. The internal resistance increased more gradually than the internal pressure and might be a suitable index for lifetime monitoring because in real use, judgments such as the minor fault, the serious fault, and the emergency stop were easy. Figure 2 shows the variations of resistances normalized by initial values with number of charge/discharge cycles normalized by the cycle of battery lifetime at various operating temperatures. Here, the battery cycle lifetime is the cycle number where the internal resistance doubled from the initial value. It was found that the internal resistance increased linearly from the start of the test and the gradient of the line became larger at the late stage of the tests. The curves measured at each temperature showed similar features. Therefore, the behavior of the battery degradation depended on the temperature and a similar dependence on the cycle number ratio was observed at each temperature. Hence, it was found that lifetime evaluation under temperature-accelerated conditions was effective.
Results and Discussion
Influence of operating temperature
Influence of charge/discharge cycling
Variations of internal resistances and internal pressures of the battery operated at standard operating conditions and rest operating conditions are shown in Fig. 3 . Operating temperature: T out = 45°C. There were almost no differences between the two sets of test results. Thus, it was found that the charge/discharge cycling with a *After the initial activation of the battery, the battery was charged at 0.2 C rate for 4 h to SOC 80%, then the rest step was start to prescribed time, then proceeded float charging step, and repeated.
(a) (b) Figure 1 . Variations of (a) resistances, R, normalized by each initial value, R init. , and (b) internal pressure, with number of frequent discharge/charge step (Maximum C-rate: 2 C) in standard operating conditions at various operating temperatures (T out ). Electrochemistry, 86(6), 349-354 (2018) narrow depth of discharge (DOD) did not influence the battery lifetime, which was instead determined by the temperature. Figure 4 (a) shows the charge/discharge rate dependence of 2 C and 6 C. These tests were performed at T out = 51°C. The lifetime of 6 C was 94600 cycles and approximately 13% shorter than that of 2 C. It was found that there was no large difference in the behavior of the internal resistance and the internal pressure even when the current rate was tripled. Here, we take care the inner temperature of the battery (T in ) as shown in Fig. 4(b) . The difference of the inner temperature of the battery (T in ) for the operations between under 2 C and 6 C gradually increased by 2.5°C owing to heat generated by current flow. The integral average of the difference of T in between 2 C and 6 C was 1.5°C. It is noticed that T in for 2 C operation is similar and constant at T out . These results agree with the result of Fig. 1(a) . It is suggested that difference of T out causes to the lifetime difference of approximately 20% between the testing at 51 and 53°C. Additionally, it is suggested that there is little influence of the electric current to the battery lifetime because from the result of Fig. 1(a) and Fig. 4(b) the difference of the lifetime was 13% and 20% in case of the temperature difference was 1.5°C and 2.0°C, respectively.
Influence of float charging
The battery system is always held at a constant voltage connected to an overhead wire. Hence, the influence of this constant voltage charge was examined, through float charging tests under open circuit conditions and temperature-accelerated conditions, i.e., 45°C, because charge/discharge cycling did not affect the battery lifetime. The detail test conditions are given in Table 1 and Fig. S5 . Figure 5(a) shows the results of the float charging tests. It was found that a higher ratio of the float charging time to the rest time shortened the battery lifetime. The lifetime of condition (iii) was shorter than that of conditions (ii), as listed in Table 1 , however, the ratio of the float charging time and the rest time was the same as those of conditions (ii) and (iii). It was suggested that the battery voltage drop was caused by self-discharge during the rest time. Figure 5(b) shows the relationship between the battery lifetime and the average voltage over the whole test. It was found that there was a correlation between the battery lifetime and the average voltage, and the lower voltage showed the long lifetime.
To investigate the influence of the battery voltage on the battery lifetime, the floating tests were performed changing the voltage by 20 mV from 1.33 to 1.39 V at 45°C. Figure 6 shows the relationship between the floating voltage and the battery lifetime, as judged from the rise of the internal pressure. As shown in Fig. 6 , the increase of the operating temperature caused to shortening of the lifetime of the battery. In this case, the conductive network of the positive electrodes might be deteriorated because the electrodes were exposed to high energy if the floating voltage was high. Good linear relations were observed between the floating voltage and lifetime and it was found that the battery voltage was the main determining factor for the battery lifetime.
The standard operating conditions divide the charge/discharge step and the constant voltage step because it is difficult to perform charging/discharging while the battery is held at the constant voltage; however, in real-world use charging/discharging is performed under a constant voltage. Therefore, the float charging tests were performed with a voltage of SOC 80% equivalent to evaluating the battery lifetime under conditions that were as close as possible to those of real operation. Figure 7 shows the relationship Table 1 . T out = 45°C. Lifetime is determined from the time at cross mark in (a) for each case.
Electrochemistry, 86(6), 349-354 (2018) between the operating temperatures and the battery lifetime. The float charging tests and the standard operating tests were performed at temperatures in the range of 35-60°C.
In the float charging tests, a linear relationship was found between the logarithms of battery lifetime vs the reciprocal absolute temperature. In the case of the standard operating conditions, the lifetime became slightly shorter in the temperature range below 35°C and approached the linear relationship obtained for the floating examination. It was thought that the voltage drop due to selfdischarge during the 100 charge/discharge cycles under the standard operating conditions became smaller in the low temperature range; hence, the charging state of the battery approached the float charging conditions with a larger current flow at the float charging step. Furthermore, it could be estimated the battery lifetime from float charging testing because the frequent discharge/charge cycles experienced in train operation did not affect the battery lifetime.
Reaction kinetics analysis
The lifetime of the Ni-MH battery used for BPS in railway systems is characterized by operation at a relatively constant voltage, under frequent charge/discharge, and a small DOD.
From the result of the previous chapter, it was found that the lifetime could be evaluated from two factors, namely operating temperature and applied voltage, and the logarithm log L of the lifetime had a linear relationship with the battery voltage V and the reciprocal of temperature 1/T. Hence, it was thought that electrochemical reaction kinetics might be related in this system. In this system the electrolyte concentration was high and hardly changed during the examination because the charge/discharge range was narrow. The reactions of the negative and positive electrodes were simple and the composition of the electrodes changed little. The battery voltage was almost constant and neither over-charging nor over-discharging occurred. The memory effect did not influence this system because the battery was simulated in a state connected to an overhead wire and the SOC remained almost constant.
Equation (1) shows the electrochemical reaction kinetics. Here, the reaction rate constant k is based on the positive electrode potential E + activation energy G* of the reaction considering that the oxidation reaction at the positive electrode is the main process leading to deterioration of the battery:
where R is the gas constant, n is number of electrons involved in the electrode reaction, T is the absolute temperature, ¡ is the charge transfer coefficient, F is Faraday constant, and C is constant, respectively. As the battery lifetime is thought inversely proportional to the reaction kinetics, such that the lifetime L can be expressed as:
Here, C 1 is replaced with 1/C and ¡nF is replaced with C 2 . By taking the logarithm of the statement of Eq. (2) and substituting the Eq. (3) into Eq. (2). V is the battery voltage, and E ¹ is the negative electrode potential.
This system was approximately considered to be uniform in this examination because the negative electrode potential E ¹ to SOC dependence is small and the capacity of the negative electrode is designed to be greater than that at the positive electrode of a nickel metal hydride battery. These considerations are in accordance with previous reports. 39, 44 Here, simplifying Eq. (4), Eq. (5) is obtained as:
Using the results of the different float charging voltage and the operating temperature, three constants were determined empirically as C 3 = ¹14.67, C 4 = 8.250 © 10 4 J mol
¹1
, C 5 = 2.824 © 10 4 J mol ¹1 V ¹1 by a least squares method. Figure 8 shows the relationship between the battery lifetime calculated with the Eq. (5) and our examined data. It was found that the examined data agreed well with the calculated value from Eq. (5). This relationship obtained in this work may be only an empirical evaluation. However, it was thought that the electrochemical reaction kinetics equation could be applied to this system and it is possible to predict the battery lifetime under any temperature and voltage conditions using Eq. (5). Electrochemistry, 86(6), 349-354 (2018)
Conclusions
Investigating the actual operation conditions of the BPS for the battery lifetime, the standard operating conditions were determined combining the frequent discharge/charge step and float charging step. Various conditions related to the lifetime of a nickel metal hydride battery for application to a railway system were examined. As the results, it was found that the battery lifetime could be calculated from two factors of the battery, namely the battery voltage and operating temperature. Furthermore, it was observed that an increase of the battery internal resistance and the battery internal pressure, which were considered to be an index of the battery lifetime, increased at approximately at the same rate. Hence, the battery lifetime could be estimated from the internal resistance of the battery, which changed relatively steadily and is easy to measure. The influence of charge/discharge cycling and float charging at constant voltages were also investigated. It was found that the charge/discharge cycle did not influence the battery lifetime, which was instead determined by the temperature and voltage. These findings were based on the use of experiments float charging at an approximately constant voltage under repeated narrow charging/ discharging. Despite being an empirical evaluation, our experimental data agreed well with the calculation results. Hence, it was found that electrochemical reaction kinetics equations can be applied to this system and the battery lifetime can be estimated using the parameter obtained through out examination.
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